The tribological behavior of electrical contacts, especially separable type electrical connectors at low contact loads, are considered. The reliability of these connectors has been a major concern due to the fretting phenomenon that can lead to an unacceptable increase in contact resistance. This study analyzes various aspects of the fretting mechanism from a tribological perspective where friction and wear are the primary cause of degradation in electrical components. With the use of precise tribological equipment (high data acquisition rate of 5000 Hz), the electrical contact resistance and coefficient of friction at the contact interface are measured. The measurements were made in-situ for a simulated fretting environment under various constant loading conditions. It was observed that low contact loads (1 N) and low fretting frequency (1 Hz) leads to a high degree of fluctuation in the coefficient of friction. However, for the same conditions, the lowest wear rate and electrical contact resistance were observed. The reason behind this could be due to the lack of continuous electrical contact and a high degree of fretting frequency under low contact loads, ultimately leading to extended periods of an open circuit. Experimental analysis indicates the existence of an optimum loading condition at which the fretting wear effect is at its minimum. Detailed analysis of post fretting surface roughness, coating wear, and wear debris is conducted, as well as transfer film formations to explain the mechanism of fretting observed.
Introduction
Electrical connectors are components that provide a separable connection between two elements of an electronic circuit, ideally without any signal distortion or power loss. The two critical functionalities of any connector are to have a separable connection and no/minimal signal or power loss. The understanding and development of both these critical functions depends heavily on application, environment, and design. A connector assembly typically includes a contact interface, contact finish, contact spring, and housing. The connector reliability has gained new importance as electronics, especially Internet of Things (IoTs), consumer electronics, computers, telecommunication equipment, etc. become essential both in personal and business life. Repeated insertion and withdrawal of a connector can cause wear and mechanical damage to the electrical contact surfaces, rendering those surfaces more susceptible to environmental degradation and failures. Connectors typically degrade by a combination of a few mechanisms-corrosion, wear, and reduction in contact force. The corrosion and wear mechanisms depend on the contact surfaces and their material properties, whereas the decrease in contact force depends on the spring material and design. Widely used materials such as copper and copper alloys are prone to corrosion and oxidation, while the connector quality can be increased drastically by using exotic materials, however expensive connectors do not always sell well enough to justify the cost. The present study investigates the tribological degradation of electrical connectors where the effect of fretting wear on the friction and electrical contact resistance is analyzed.
Fretting wear is one of the most common accelerated surface damages that occurs at the interface of contacting materials which are subjected to small oscillatory movement [1] [2] [3] . Hence, fretting is a widespread problem of practical importance that affects a wide range of electrical equipment, press fits, riveted and bolted joints, leaf springs, heat exchangers, and even nuclear fuel elements. One of the most economically important systems in which fretting can cause severe degradation is electrical components with separable contacts such as connectors, relays, switches, and bus bars. This is especially true for contacts that are mated at relatively low forces. Another major characteristic that influences fretting is the materials from which the contact surfaces are made. Based on many such factors, fretting uniquely affects electrical devices. Fretting wear may also be due to the worn-out coating layer which exposes the base metal, thereby forming wear debris and oxides. These materials further accumulate at the interface, forming a thick, highly localized insulating layer which increases the contact resistance progressively, eventually resulting in an open circuit. It is not fretting in itself that may fail an electrical circuit, but it certainly is one of the major contributing factors that will affect the electrical stability of a joint [3, 4] . Understanding the effect of fretting in low voltage and low power applications is essential since this phenomenon is inherent in all contact involving noble and non-noble metal contacts. This is because fretting is a time-related process and results in failure due to the accumulation of wear and oxide debris over time.
Experiments have shown that micromotion of amplitudes in the order 10 −7 m can easily produce fretting in electrical connectors [5] [6] [7] . Further, surface micro-slip makes it hard to find an upper limit that would define a safe working condition for the electrical connector. For consistent electrical contact, it is necessary to have a low and stable contact resistance. Hence, it is imperative to choose materials and/or coatings that have high electrical conductivity and nobility, which is to say that they should have the ability to resist the formation of insulating films, such as oxides, to maintain effective metallic contact. The importance of tribology in the investigation of any electrical contact was well elaborated upon by Saka et al. [8] . It was also the first research to convincingly show the role of wear debris in the reduction of electrical contacts. Studies on electrical connectors removed from service in distribution transformers were carried out by Braunovic [9] . It was found that the accumulated materials in the wear debris are due to delamination wear, severe abrasion, and transferred layers of the mating pair. A complex interactive mechanism was provided by the authors to explain different phases of fretting, which were responsible for the deterioration of the contact interface. Further, Kogut and Etsion [10] carried out mathematical studies on electrical conductivity and friction force behavior in compliant connectors. They found that the thermoelectric efficiency of the connectors described in terms of the slenderness ratio and loading parameters had minimal effect on electrical conductivity but were able to increase the friction force. It was reported that smoother surfaces had a higher friction force and electrical conductivity, with the same being observed at higher loads. But, softer surfaces resulted in a higher electrical conductivity with a reduced friction force. There have also been investigations concerning fretting in silver plated electrical contacts using a friction energy density approach by Perrinet et al. [11] and Laporte et al. [3] . These investigations provide a very valuable mathematical and experimental perspective of fretting, however there is still an assumption of consistent fretting frequency and idealized environmental conditions like humidity and temperature. Further investigations concerning the degradation of these coatings, especially for that of gold [12, 13] and tin-plated connectors [14, 15] , have been conducted with similar assumptions for both dry and lubricated conditions. Some of these considerations also involve contact geometry as a cylinder on a fixed flat rigid surface, wherein the most common type of electrical contacts in practical use are cylinder on cylinder type.
Though there have been many such models proposed to explain fretting and fretting corrosion, including the classic models proposed by Heitz [16] and Hurricks [17] , there is no one theory that has been able to incorporate all of its effects. This is mostly due to a large number of variables that are associated with fretting [18] . It is challenging to control and monitor all these parameters at the same time. Hence in most of the research concerning fretting, few of the parameters are assumed to be constant or idealized to be in a specific environment [1, 3, 7] . When considering an electrical/electronic contact, the most crucial factor to consider is the micro-displacements in normal and tangential direction under the fretting conditions. These micro-displacements are the primary cause for deformations and wear of the contacting surfaces, which leads to tribological problems [19] . This involves issues such as surface activation, corrosion, the formation of wear particles, and contamination on contact spots, which ultimately leads to a reduction in contact resistances, as shown in schematic Figure 1 [18] . The current study aims at analyzing the effect of fretting frequency and load on the formation of wear debris and examines the wear life of coated noble-metal. The study also aims at analyzing the wear track and mechanism of the wear observed. time. Hence in most of the research concerning fretting, few of the parameters are assumed to be constant or idealized to be in a specific environment [1, 3, 7] . When considering an electrical/electronic contact, the most crucial factor to consider is the micro-displacements in normal and tangential direction under the fretting conditions. These micro-displacements are the primary cause for deformations and wear of the contacting surfaces, which leads to tribological problems [19] . This involves issues such as surface activation, corrosion, the formation of wear particles, and contamination on contact spots, which ultimately leads to a reduction in contact resistances, as shown in schematic Figure 1 [18] . The current study aims at analyzing the effect of fretting frequency and load on the formation of wear debris and examines the wear life of coated noble-metal. The study also aims at analyzing the wear track and mechanism of the wear observed. 
Materials and Methods
A unique test setup shown in Figure 2 allows real connectors to be mounted for testing. In this case, cylindrical contact is simulated using R-tec Multifunction Tribometer (MFT-5000, Rtec-instruments, San Jose, CA, USA). The set houses a dedicated fixture that is designed and built by R-tec Instruments to simulate fretting in a controlled measurable environment that is observed in most common electrical contacts. The oscillatory motion of the upper specimen holder was provided by a sensitive electromagnetic shaker. The lower specimen is fixed to a holder, which is linked to a piezoelectric load sensor to measure the evolution of tangential forces during the fretting cycles. The holders are electrically insulated from the rest of the machine to negate the effect of noise and grounding. The upper specimen holder had an accuracy of 0.1 μm movement. 
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Contact Conditions and Electrical Resistance Measurement
The experiment allows for small and precise motions in forms of oscillating, linear, rotation axial, and/or lateral directions. The contacts were wired for four-wire resistance measurement, as shown in the schematic Figure 4 . The contact type being tested above can be considered not only to simulate the type of connector shape for the specimen in focus, but also can be related to various shapes of similar connectors as shown in Figure 5 . All these connectors have similar contact interfaces and, hence, the versatility of these experiments is also to be noted. After the fretting wear test, the wear tracks and the connector surfaces were investigated using a Rtec 3D optical profilometer. The analysis of these 3D profiles yielded the wear depth (µm) and various roughness parameters, which have been reported in the present study.
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The maximum shear stress was calculated using the principal stresses (σ x , σ y , σ z ) for cylindrical as below:
The maximum Hertzian contact pressure at the interface of the two bodies was found to be 791.6 MPa and a theoretical contact area of the interface was found to be 9.5 × 10 −3 mm 2 . The maximum shear stress at the interface was 245.4 MPa, and the depth of the maximum shear stress was 0.028 mm. The theoretical yield strength of the upper cylinder (CuZn37) was ≤180 MPa, and that of the lower cylinder (pure Ag) was ≤54 MPa. Since the maximum shear stress was found to be 245.4 MPa, the material pairs were working the elastic-plastic range. The maximum shear stress was calculated using the principal stresses (σx , σy , σz) for cylindrical as below:
Materials
The maximum Hertzian contact pressure at the interface of the two bodies was found to be 791.6 MPa and a theoretical contact area of the interface was found to be 9.5 × 10 −3 mm 2 . The maximum shear stress at the interface was 245.4 MPa, and the depth of the maximum shear stress was 0.028 mm. The theoretical yield strength of the upper cylinder (CuZn37) was ≤180 MPa, and that of the lower cylinder (pure Ag) was ≤54 MPa. Since the maximum shear stress was found to be 245.4 MPa, the material pairs were working the elastic-plastic range. Figure 7 shows the interface configuration of the two connectors under investigation. The studied interface consists of a brass alloy substrate with 37 wt.% zinc (CuZn37) as the upper connector. The lower connector made of the same material with pure silver layer coating with roughness approximately equal to Ra = 0.5 µ m and thickness of about 2 µ m. Silver, being a semi-Noble material, is a good compromise between its performance and cost-effectiveness.

Results and Discussion
The following section discusses the observed effects of load and frequency in mitigating the detrimental effects of fretting.
Effect of Load
Contact load was observed to have a significant influence on electrical contact resistance under fretting conditions. It was observed that the detrimental effects of fretting are significantly suppressed with an increase in the contact load [21, 22] .
Coefficient of Friction
It is observed that for the same fretting frequency, the coefficient of friction is significantly higher at low contact loads (1 N) with a high degree of fluctuation, as seen in Figure 8 . A standard deviation of 0.38 is observed at 1 N as compared to 0.18 at 5 N contact loads over the time range of 20-120 s. At a comparatively high-frequency low load condition (10 Hz and 1 N, respectively), the micromotion causes increased traverse movement due to insufficient load with high electrical contact resistance. The micromotion leads to short slip amplitudes in the perpendicular direction along the surface of the contacting connector [18, 23] . Hence, at lower loads, an increase in friction, averaging 0.9 with a high degree of fluctuation, is observed. The lower connector made of the same material with pure silver layer coating with roughness approximately equal to R a = 0.5 µm and thickness of about 2 µm. Silver, being a semi-Noble material, is a good compromise between its performance and cost-effectiveness.
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It is observed that for the same fretting frequency, the coefficient of friction is significantly higher at low contact loads (1 N) with a high degree of fluctuation, as seen in Figure 8 . A standard deviation of 0.38 is observed at 1 N as compared to 0.18 at 5 N contact loads over the time range of 20-120 s. At a comparatively high-frequency low load condition (10 Hz and 1 N, respectively), the micromotion causes increased traverse movement due to insufficient load with high electrical contact resistance. The micromotion leads to short slip amplitudes in the perpendicular direction along the surface of the contacting connector [18, 23] . Hence, at lower loads, an increase in friction, averaging 0.9 with a high degree of fluctuation, is observed. Though increasing the load to 5 N is seen to reduce the degree of fluctuations, the same condition decreases the friction by 38% to an average of 0.56 and reduces the electrical contact resistance considerably. This indicates that the increase in load is still not sufficient to suppress the fretting wear effect. This may be due to the high degree of wear particles generated due to an accumulation of plastic strain and frequent interface failure, which results in the plowing of the silver coating and accelerated damage to the contacting surfaces. Further, investigations show that there should be an optimum load which has the least amount of slip with corresponding friction coefficient (which need not be the minimum) that will lead to a high connector life span with the least ECR and coating wear [24, 25] .
Wear
The results observed with respect to coefficient of friction support the wear results as seen in Figure 9 . The high degree of fluctuations in friction and micromotion seen at low contact load (1 N) cause a steady increase in the wear rate. At this load, when contact is made, the surface asperities of the brass connector penetrates the natural oxide film of the Ag-coated connector and establishes a temporary conducting path. When the micromotion occurs, there is a displacement of the contact interface during fretting; the maximum range of the fretting displacement during the tests was found to be ±0.028 mm. During these micro displacements, the interfaces and metallic bridges shear repeatedly, leading to the formation of wear debris. Some of these wear debris also oxidize to form a silver oxide with the majority of the debris remaining as metallic particles due to the burnishing effect. During this initial period, as observed in the plot below, a relatively low wear rate is found for both load conditions with good electrical conductivity [2] . After several cycles of exposure to this fatigue oxidation process, the contact zone starts to accumulate thick insulating layers of oxides and wear debris. This causes a reduction in metallic contact and leads to a sharp increase in the contact resistance. This is what leads to an increase in the wear rate seen in the latter half of the plots, which is accompanied by an increase in contact resistance.
It is observed that at high loads and high-frequency conditions, the above fretting wear phenomenon is less predominant due to the stronger embedding of the asperities of the contacting surfaces under high pressure. Research indicates that higher loads can also have a higher degree of wear [26] , but the sharp increase in wear rate seen for the 5 N-10 Hz boundary condition indicates that they only delay the onset of fretting damage. It is speculated that at an optimum load in combination with a certain range of fretting frequency, this will be able to minimize the effect of adhesive bonds (micro-welds) formed during this fretting wear process and increase the working cycle of the Though increasing the load to 5 N is seen to reduce the degree of fluctuations, the same condition decreases the friction by 38% to an average of 0.56 and reduces the electrical contact resistance considerably. This indicates that the increase in load is still not sufficient to suppress the fretting wear effect. This may be due to the high degree of wear particles generated due to an accumulation of plastic strain and frequent interface failure, which results in the plowing of the silver coating and accelerated damage to the contacting surfaces. Further, investigations show that there should be an optimum load which has the least amount of slip with corresponding friction coefficient (which need not be the minimum) that will lead to a high connector life span with the least ECR and coating wear [24, 25] .
It is observed that at high loads and high-frequency conditions, the above fretting wear phenomenon is less predominant due to the stronger embedding of the asperities of the contacting surfaces under high pressure. Research indicates that higher loads can also have a higher degree of wear [26] , but the sharp increase in wear rate seen for the 5 N-10 Hz boundary condition indicates that they only delay the onset of fretting damage. It is speculated that at an optimum load in combination with a certain range of fretting frequency, this will be able to minimize the effect of adhesive bonds (micro-welds) formed during this fretting wear process and increase the working cycle of the connecting pair [2, 23] . 
Effect of Frequency
Fretting is a rate dependent phenomenon, and the contact resistance is affected by the frequency of oscillations. The observed effect of frequency can be explained in terms of the oxidation factor of fretting for the connecting pair in consideration.
Coefficient of Friction
The results shown in Figure 10 are recorded at the same loading condition with varying fretting frequencies. To distinctly observe the effect fretting frequency, a sliding period of 12 s was considered. It indicates that at a lower frequency (1 Hz), there is a very high degree of fluctuation in friction. This is because oxidation is a time-dependent process wherein at lower fretting frequencies, the contact zone will be exposed to oxidation of silver coated conductor for a longer time when compared to higher fretting frequency. This results in the closure of many conducting spots in the contact zone due to oxidation, which ultimately leads to an increase in contact resistance [1, 15] . Figure 11 shows the effect of different fretting frequency on wear. It is observed that for the same load, the wear is very minimal at low frequency (1 Hz) due to the low degree of oscillations. Though 
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Conclusions
The study presents an insight into the detrimental effects of fretting wear and its influence on the performance of a brass connector in contact with an Ag-coated connector. It was observed that micro-motion at the contact interface is significantly influenced by the contact load and fretting frequency under consideration, the combination of which leads to varying degrees of fretting wear. It was shown that at a comparatively high-frequency low load condition (10 Hz and 1 N), the micromotion at the interface caused an increase in traverse movement due to insufficient load which led to high electrical contact resistance. The micro-motion was also seen to create short slip amplitudes in the perpendicular direction along the surface of the contacting connector. It was also shown that at high loads and high-frequency conditions, the above fretting wear phenomenon was less predominant due to the stronger embedding of the asperities of the contacting surfaces under high pressure. The study indicates that there is an optimum load for a specific range of fretting frequency through which the fretting wear can be minimized. Further studies in this regard are suggested wherein a model would be able to predict the optimum load for a specific range of fretting frequencies. Funding: This research received no external funding. We thank Rtec-instruments and Department of Mechanical Engineering at University of Nevada-Reno, Nevada, USA for facilitating this research.
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